The biosynthesis of asparaginase II in Saccharomyces cerevisiae is subject to nitrogen catabolite repression. In the present study we examined the physiological effects of glutamate auxotrophy on cellular metabolism and on the nitrogen catabolite repression of asparaginase II. Glutamate auxotrophic cells, incubated without a glutamate supplement, had a diminished internal pool of a-ketoglutarate and a concomitant inability to equilibrate ammonium ion with a-amino nitrogen. In the glutamate auxotroph, asparaginase II biosynthesis exhibited a decreased sensitivity to nitrogen catabolite repression by ammonium ion but normal sensitivity to nitrogen catabolite repression by all amino acids tested.
A number of yeast enzymes are subject to strong nitrogen catabolite repression (NCR) (1-16, 18, 19, 21) . Their biosynthesis is limited or prevented in cells grown on high levels of a readily metabolized nitrogen compound. Maximal enzyme synthesis is observed in cells grown under conditions of nitrogen limitation. Although the basic phenomenon of NCR has been observed with many yeast enzymes, there is a divergence of opinion as to the detailed mechanism(s) involved. Some of these discrepancies may reflect the fact that different yeast strains and enzymes have been investigated. However, even when the same enzymes and strains have been studied, there has been considerable disagreement as to the mechanism of NCR (1, 5-7, 10, 18, 21) .
One critical question concerns the roles of ammonium ion, a-ketoglutarate, and the anabolic (NADP-dependent) glutamate dehydrogenase. Wiame, Grenson, and their associates have proposed that the biosynthesis of arginase and other enzymes is regulated by glutamate dehydrogenase (NADP) when both ammonium ion and a-ketoglutarate are present as effectors (5) (6) (7) . According to this model, NCR results from a direct regulatory function of the glutamate dehydrogenase (NADP) protein and not from its catalytic activity in nitrogen metabolism. Other investigators have suggested that glutamate dehydrogenase (NADP) functions only in a catalytic manner and that the relief of NCR that is observed in glutamate dehydrogenase (NADP) mutants is a consequence of the depletion of the amino acid pool in these mutant strains (1, 10, 18, 21) . This latter conclusion is supported by the observation that NCR is relieved in the mutants when ammonium ion is the nitrogen source but not when amino acids are substituted for ammonium ion (1, 10, 18, 21) . In contrast, Wiame et al. (5) (6) (7) claim that NCR is relieved in glutamate dehydrogenase (NADP) mutants even when exogenous amino acids are supplied.
A second question concerning NCR also relates to the exact nature of the effector metabolite(s). Although data from a number of laboratories suggest that ammonium ion must be converted into organic (amino acid) nitrogen before it can mediate NCR (1, 10, 21) , there is no consensus as to the specific effector(s). It is presently unclear whether a single amino acid (the most obvious candidates being the central amino acids glutamate or glutamine), the amino acid pool in general, or some other form(s) of organic nitrogen are responsible for the direct mediation of NCR.
Our laboratory has been investigating NCR of yeast asparaginase 11 (8) (9) (10) (11) . This enzyme provides a good experimental system because it is highly sensitive to NCR and because its response to repression is not complicated by the simultaneous occurrence of any specific mechanisms of induction (10, 11) . We have previously found that asparaginase II biosynthesis is relieved of ammonia repression in glutamate dehydrogenase (NADP) mutants but remains fully sensitive to repression by amino acids (10) .
In the present study we investigated the functioning of NCR in a glutamate auxotroph (aconitase mutant). In this yeast strain it was possible to selectively deplete the internal pool of aketoglutarate (and glutamate) while maintaining high endogenous levels of ammonium ion or other amino acids or both. Under conditions of a-ketoglutarate depletion, NCR was partially relieved when ammonium ion served as the exogenous nitrogen source but was fully functional when amino acids were substituted. These results support our earlier suggestion that glutamate dehydrogenase (NADP), ammonium ion, and oa-ketoglutarate mediate NCR of asparaginase II in a strictly catalytic manner by replenishing the pool of organic nitrogen (10) . Our results also suggest that a high glutamate (or glutamine, or both) pool is not required for the imposition of NCR on asparaginase II.
MATERlALS AND METHODS
Organisms. The haploid yeast strain X2180-1A (a, SUC2 mal gan2 CUP1) was obtained from the Yeast Genetics Stock Center, Donner Laboratory, University of California, Berkeley.
Yeast strain MK101 is a glutamic acid auxotroph which was derived in our laboratory from strain X2180-1A by mutagenesis with ethanemethylsulfonic acid. The mutant strain had no detectable aconitase activity (<l% of wild type) and did not grow on minimal glucose-ammonia medium. In glucose-ammonia medium supplemented with 10 mM L-glutamate, strain MK101 grew 30 to 50%o slower than its prototrophic parent. Strain MK101 resembles previously characterized glutamate auxotrophs in its enzymatic deficiency (aconitase negative) and in growth characteristics (6, 17) .
Growth conditions. The standard chemically defined medium contained, per liter: 30 g of D-glucose, 2 g of yeast nitrogen base(without amino acids and ammonium sulfate; no. 033-15-9, Difco Laboratories), 1.32 g of ammonium sulfate, and 1.69 g of L-glutamic acidmonosodium salt. Yeast cultures were grown at 230C with slow rotary shaking at 150 rpm from a 0.5% inoculum for wild-type cells or a 2% inoculum for strain MK101. The cells were harvested by centrifugation after 12 to 16 h when the absorbance at 660 nm was 0.1 to 0.2. The harvested cells were used immediately.
Derepression of asparaginase I in cell suspensions.
The derepression medium contained 3% D-glucose and 0.2% Difco yeast nitrogen base (without amino acids and ammonium sulfate). The pH of the medium was adjusted to 6.0 with 10 N KOH. (In experiments where a nitrogen source was present in the medium, the compound was added, and the pH was adjusted to 6.0 before the addition of cells.) Cells were suspended in derepression medium to an absorbance of 0.2 at 660 nm and allowed to incubate at 30°C. At the times indicated in individual experiments, 10-ml samples were removed and assayed for asparaginase II activity.
Extraction of intracelular metabofites. For the estimation of metabolic pools, 500-ml cell cultures were rapidly sedimented by centrifugation (1 to 2 min), immediately suspended in 2 to 3 ml of distilled water in a thin-walled test tube, and placed in a boiling water bath. After 10 min the samples were cooled in an ice bath, and the cell debris was removed by centrifugation for 5 min at 5,000 x g. The clear supernatant was decanted and stored at -200C for later analysis.
Analytical methods. (i) Asparaginase H activity. Whole cell suspensions were assayed at 23°C for the ability to convert L-asparagine and hydroxylamine into L-aspartic acid P-hydroxamate as described previously (9) . Asparaginase II activity is reported as nanomoles of the ,-hydroxamate synthesized per minute per milligram of cells (dry weight).
(ii) Ammonium ion utilization. Yeast cells were suspended in growth medium containing an initial ammonium sulfate concentration of 10 mM. At hourly intervals 10-ml samples of the cell suspension were removed, and the cells were sedimented by centrifugation at 5,000 x g for 2 min. Samples (10 ,u) of the clear supernatant were assayed for ammonium ion by the method of Tabor (20), using L-glutamate dehydrogenase.
(iii) Determination of a-ketoglutarate. The concentration of a-ketoglutarate in the metabolite extracts was determined with beef glutamate dehydrogenase by following NADH oxidation at 340 nm (6) .
(iv) Determination of total ninhydrin-positive material in cell extracts. Manual ninhydrin determination was performed as follows with L-alanine as the standard: reagent A, contained 4.9 ml of 4 M sodium acetate and 0.1 ml of 0.01 M sodium cyanide (pH 5.5); reagent B: contained 3% ninhydrin in methyl cellusolve.
In a small test tube a 1.0-ml amino acid sample was mixed with 0.5 ml of reagent A and 0.5 ml of reagent B. The mixture was agitated in a Vortex mixer and heated in a boiling water bath for 15 min. The samples were removed from the bath and mixed with 5 ml of isopropyl alcohol-water (1:1, vol/vol). After 15 min the absorbance of the samples was determined at 570 nm. L-alanine standards 0.05 to 0.50 mM were included in each determination.
(v) Amino acid analysis. The concentration of amino acids and ammonium ion in the metabolite extract was determined with a single-column (AA-15 resin) Beckman 120C analyzer with a three-phase buffer system: "A" buffer (pH 3.495), 0.2 N sodium citrate; "B" buffer (pH 4.25), 0.38 N sodium citrate; "C" buffer (pH 6.40), 1.0 N sodium citrate. Most common amino acids, including citrulline and ornithine, were clearly resolved. Integration values for the individual amino acids were obtained with a Beckman standard amino acid mixture. Glutamine and asparagine, which elute in the serine/threonine area, were determined on the analyzer by difference comparison of amino acid extracts which were subjected to hydrolysis in 6 N HCI for 24 h at 110°C with normal extracts.
RESULTS
Characterization of the physiological effects of glutamate auxotrophy. The following physiological experiments demonstrate that the expected consequences of glutamate auxotrophy occur in Saccharomyces sp. These experiments also provide a necessary basis for interpreting the subsequent studies on NCR.
Because the tricarboxylic acid cycle provides the main pathway of a-ketoglutarate biosynthesis, one would expect the pool of this metabolite to fall in the aconitase-negative glutamate auxotroph. Consistent, with this, the glutamate auxotroph exhibited a relatively low internal pool of a-ketoglutarate when incubated on minimal me-J. BACTERIOL. ences in the patterns of amino acid distribution under two of the growth conditions (Table 3 ). In ammonia medium the glutamate auxotroph had a higher internal concentration of ammonium ion and a lower pool of amino acids, whereas the wild-type strain converted most of the internalized ammonium ion into amino acids. Similarly, when the auxotroph was grown on L-alanine, it exhibited a higher internal concentration of Lalanine and a lower pool of many of the other amino acids. In contrast, the wild-type strain converted much more of the alanine into other amino acids. The distribution of amino acids in glutamate-supplemented cells and in nitrogenstarved cells was quite similar for wild-type and mutant strains. These data suggest that (with respect to nitrogen metabolism) there are at least two consequences of a low a-ketoglutarate pool in Saccharomyces sp. First, the cells have a diminished capacity for converting ammonium ion into organic nitrogen via L-glutamate dehydrogenase (NADP). Second, they exhibit a reduced ability to distribute a-amino acid nitrogen using transamination reactions which depend upon a-ketoglutarate as the a-amino acceptor.
Effect of glutamate auxotrophy on asparaginase II biosynthesis. The biosynthesis of asparaginase II is under strong NCR control. To examine the effect of glutamate auxotrophy directly on an enzyme regulated by NCR, asparaginase II synthesis was compared in wild-type and mutant strains ( Fig. 2 A and B) . In medium supplemented with various levels of ammonium sulfate, the glutamate auxotroph exhibited a lower sensitivity to NCR than did the wild-type strain. (The residual response to NCR in the auxotroph may result from the low a-ketoglutarate which persists in this strain, presumably as a consequence of protein catabolism.) In medium supplemented with L-alanine, the two strains gave equivalent responses to NCR.
The derepression of asparaginase II was de- termined in the two strains in the presence of a variety of nitrogen sources. The results presented in Table 4 show that the two strains exhibited an equivalent sensitivity to all of the amino acids tested. Thus only in ammonium sulfate medium was there any significant difference in NCR sensitivity between the two strains.
DISCUSSION
The data presented in this report are consistent with previous evidence concerning NCR of asparaginase II. They show that glutamate auxotrophy can be used to selectively lower the pool of a-ketoglutarate in yeast. When the aketoglutarate pool was low, ammonium ion was not efficiently incorporated into amino acids. Under these conditions NCR became unresponsive to ammonium ion but remained sensitive to amino acids. The most straightforward interrelated conclusions suggested by these data are that: (i) ammonium ion per se does not cause NCR of asparaginase II but must first be incorporated into organic nitrogen; (ii) glutamate dehydrogenase (NADP) facilitates NCR of asparaginase II in a strictly catalytic manner by converting ammonium ion into organic nitrogen.
Our data also raise the possibility that NCR may occur directly in response to a diverse group of nitrogen compounds. In previous reports ( a-ketoglutarate carbon skeleton, e.g., with alanine, cysteine, glycine, leucine. In the case of alanine, we have carefully documented that NCR can be imposed in spite of very low pools of the other amino acids and of aketoglutarate. However, there is no reason to believe that alanine is unique in this respect. Many of the other amino acids require a-ketoglutarate-dependent transamination as the first step in their catabolism and thus cannot replenish the a-amino acid pool in the glutamate auxotroph, yet they cause strong repressive effects. Furthermore, strong NCR occurs in cells grown on ammonium ion plus glutamate in spite of a low internal pool of alanine.
An examination of the amino acid analysis data, in conjunction with the results of the NCR studies, supports the conclusion that a more general mode of regulation is operative, i.e., there does not seem to be any single amino acid which must be present in high levels in the intracellular pool for strong NCR to be imposed. NCR is effective when a variety of amino acids are present in low levels, e.g., alanine is low in both strains when ammonia plus L-glutamate serve as nitrogen source; glutamate and glutamine are low in MK101 when L-alanine is the nitrogen source. (Ammonia is also low in both strains when L-alanine is the nitrogen source.) In short, if amino acids are corepressors in the NCR system, then it seems as if it may be the collective concentration of many amino acids which is sensed rather than a specific interaction with any single amino acid.
In summary, the data presented here raise the possibility that no single amino acid is the unique corepressor in NCR systems and suggest that further studies on NCR should focus on the following related questions. (i) How broad is the effector specificity of NCR systems? (ii) Are alkyl amines other than amino acids capable of functioning as effectors? (iii) Must the effectors be metabolized to exert their repressive effect, i.e., must they donate their nitrogen atoms to some acceptor molecule?
When these questions have been answered by convincing experimental results, one will have a reasonable basis on which to propose a model for the mechanism of NCR.
